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ABSTRACT
To characterize the substructures induced in protoplanetary disks by the interaction between stars in
multiple systems, we study the 1.25 mm continuum and the 12CO(J = 2− 1) spectral line emission of
the triple systems HT Lup and AS 205, at scales of ≈ 5 au, as part of the “Disk Substructures at High
Angular Resolution Project” (DSHARP). In the continuum emission, we find two symmetric spiral
arms in the disk around AS 205 N, with pitch angle of 14◦, while the southern component AS 205 S,
itself a spectroscopic binary, is surrounded by a compact inner disk and a bright ring at a radius of
34 au. The 12CO line exhibits clear signatures of tidal interactions, with spiral arms, extended arc-like
emission, and high velocity gas, possible evidence of a recent close encounter between the disks in
the AS 205 system, as these features are predicted by hydrodynamic simulations of fly-by encounters.
In the HT Lup system, we detect continuum emission from all three components. The primary disk,
HT Lup A, also shows two-armed symmetric spiral structure with a pitch angle of 4◦, while HT Lup B
and C, located at 25 and 434 au in projected separation from HT Lup A, are barely resolved with ∼ 5
and ∼ 10 au in diameter, respectively. The gas kinematics for the closest pair indicates a different
sense of rotation for each disk, which could be explained by either a counter rotation of the two
disks in different, close to parallel, planes, or by a projection effect of these disks with a close to 90◦
misalignment between them.
Keywords: protoplanetary disks, stars: binaries (close), ISM: dust, techniques: high angular resolution
1. INTRODUCTION
In the early stages of star formation, the conservation
of angular momentum through the gravitational collapse
leads to the formation of a gas and dust disk around the
young forming star; it is here where planetary systems
Corresponding author: Nicola´s T. Kurtovic
nicokurtovic@gmail.com
may form. Given that most stars live or appear to have
been formed in binary or multiple systems (Raghavan
et al. 2010; Ducheˆne & Kraus 2013), it is expected that
companions or close encounters will modify the disks in
multiple stellar systems, when compared to disks around
single, isolated stars.
Nonetheless, planets have been detected around single
stars in multiple systems (e.g., Eggenberger et al. 2007;
Chauvin et al. 2011), mostly at separations larger than
few tens of au, although this might be an effect of se-
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lection biases (Winn & Fabrycky 2015). Circumbinary
planets have also been found (Doyle et al. 2011), some-
times in systems with more than one planet (Kepler-47,
Kostov et al. 2013). However, Wang et al. (2014) find
that planets should be 4.5±3.2 and 2.6±1.0 times less
frequent in a multiple system (compared to single star
systems), when a stellar companion is at a distance of
10 and 100 au, respectively (see also Kraus et al. 2016).
Over the last few years, the detection and characteri-
zation of dust and gas structures in disks at high angular
resolution has been helping us to understand the pro-
cesses involved in the evolution of young stars and the
formation of planetary systems. Millimeter images that
trace dust emission have shown large azimuthal asym-
metries (e.g., van der Marel et al. 2013), spirals (e.g.,
Pe´rez et al. 2016), and bright/dark rings (e.g., ALMA
Partnership et al. 2015), the latter appear to be the most
common substructure in Class II disks (Andrews et al.
2018; Huang et al. 2018b). These features are often in-
terpreted as signposts of planet-disk interactions (e.g.,
Zhu et al. 2011).
While multiplicity is high among young stars (e.g.,
∼ 0.7 in Class II/III stars, ∼ 0.6 in Class 0 objects,
Kraus et al. 2011; Tobin et al. 2016a), most observa-
tional studies at high angular resolution have so far fo-
cused on single stellar systems, and it is not clear how
common such disk substructures are in multiple systems.
Over the last two decades, a few multiple systems have
been studied with sufficient angular resolution to re-
solve their components separately at radio wavelengths
(Jensen et al. 1996; Jensen & Akeson 2003; Harris et al.
2012), and thanks to ALMA capabilities these detec-
tions have become more common over the last few years
(e.g., Akeson & Jensen 2014; Jensen & Akeson 2014;
Brinch et al. 2016; Tobin et al. 2016b). Misalignments
between the disk rotation axis and the binaries orbit
(Williams et al. 2014; Ferna´ndez-Lo´pez et al. 2017), as
well as tidal stripping and extended emission (Cabrit
et al. 2006; Salyk et al. 2014; Rodriguez et al. 2018)
have been detected in some of them. However, none of
the previous observations reached the high spatial reso-
lution required to study the substructure of disks in mul-
tiple systems. For example, spiral arms are expected to
be triggered in the presence of one or multiple compan-
ions (Goldreich & Tremaine 1979; Tanaka et al. 2002),
and could potentially be detected in the dust continuum
emission at millimeter wavelengths. However, until to-
day, most objects with known spiral-like structures in
dust continuum emission (Pe´rez et al. 2016; Dong et al.
2018; Boehler et al. 2018) or gas emission (e.g., Tang
et al. 2017) do not host any known stellar companion
(an exception is HD 142527, Biller et al. 2012; Chris-
tiaens et al. 2014, 2018). This suggests that in these
cases, the observed spirals might originate from other
mechanisms, such as gravitational instabilities (Mayer
et al. 2004; Lodato & Rice 2004), shadowing in the disk
(Montesinos et al. 2016), or alternatively, that the pos-
sible companion(s) have not yet been detected.
The present work is the first step towards the de-
tection and characterization of disk substructures, with
high angular resolution observations (∼ 5 au) of multi-
ple systems, which will help us understand how stellar
interactions affect the evolution of gas and dust in pro-
toplanetary disks. We present the first analysis of two
young multiple systems, HT Lup and AS 205, observed
as part of our ALMA Large Program “DSHARP: Disk
Substructures at High Angular Resolution Project” (An-
drews et al. 2018). In Sect. 2, we present the targets,
in Sect. 3, we briefly describe the observations and spe-
cific calibration and imaging procedures. In Sect. 4, we
present our analysis and modeling of these new data,
that we further discuss in Sect. 5. Finally we conclude
and summarize our results in Sect. 6.
2. TARGETS
2.1. AS 205
AS 205 is a multiple stellar system located at a dis-
tance of 127 ± 2 pc (Gaia Collaboration et al. 2018)
in the ρ-Ophiuchi star-forming region. The northern
and southern components (from now on, AS 205 N and
AS 205 S) have been detected at a projected separation
of 1.′′3 with near infrared imaging (e.g., Ghez et al. 1993;
Reipurth & Zinnecker 1993; McCabe et al. 2006), and
imaged in 1.3 mm continuum and different CO molecu-
lar lines observations (Andrews & Williams 2007; Salyk
et al. 2014). The brightest of these sources at millimeter
wavelengths is AS 205 N, a K5 pre-main-sequence star
of about 0.5 Myr of age, with a mass of 0.87+0.15−0.1 M
(Eisner et al. 2005; Andrews et al. 2018) and a mass ac-
cretion rate of 4 × 10−8M yr−1 (Andrews et al. 2009;
Eisner et al. 2015). It shows multiple molecular emission
lines in radio and mid-infrared wavelengths (e.g., O¨berg
et al. 2011; Salyk et al. 2014), including water vapor
lines (e.g., Salyk et al. 2008; Pontoppidan et al. 2010)
and organics (Mandell et al. 2012). AS 205 S is itself
a spectroscopic binary, with K7 and M0 spectral types
and masses of 0.74 and 0.54M (Eisner et al. 2005).
Strong departure from Keplerian motion is detected in
different molecular lines in this system and an extended
emission is found around the disks, that is unlikely to
arise from envelope emission, nor from a large reser-
voir of mass that is being accreted by these disks (Salyk
et al. 2014). Instead, it might be due to a combina-
tion of disks winds and perturbations produced by the
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Figure 1. Continuum brightness distribution in AS 205 system. The central panel indicates the separation between the two
disks on the sky, while the left/right panels show AS 205 N/AS 205 S, respectively. An inset on the lower-right corner of the
AS 205 S panel presents a zoom to its inner disk, with observations imaged with different imaging parameters that provide higher
spatial resolution (see text). The coordinates have their origin in the continuum peak of AS 205 N. The beam size is 37× 24 mas
(4.7 × 3.0 au), as shown in the lower left corner of each panel, except for the inset in the AS 205 S panel, with a beam size of
29× 16 mas (3.7× 2.0 au). In this inset, the contour levels correspond to 10, 15, 20, 25, 30 and 32σ, where σ is the image RMS.
A scale of 5 au is indicated by the horizontal bar in the upper right corner on the AS 205 N and S panels. An arcsinh stretch is
used for the color scale.
binary interaction. Given that the synthesized beam
could barely separate the N and S components (beam
size ≈ 0.′′7), only the large scale features of this system
could be identified.
The distances to each source in the AS 205 system
used here were calculated from Gaia DR2 (Gaia Collab-
oration et al. 2018). However, we found a difference of
almost 30 pc between AS 205 N and AS 205 S from their
Gaia parallaxes (7.817±0.098 and 6.376±0.185 mas, re-
spectively). As it will be shown in Sect. 4, we are able to
resolve the gas flow between the N and S components,
previously detected in Salyk et al. (2014), and there-
fore conclude that the distance between disks must al-
low such an interaction. Since AS 205 S is an unresolved
spectroscopic binary, Gaia DR2 did not account for the
binary motion when calculating its parallax, which is
calculated from the photocentre of each detected source
(Lindegren et al. 2018). Because of this, in the following
we consider the distance to AS 205 N as being the same
for both northern and southern sources.
2.2. HT Lup
HT Lup is a triple stellar system located at a distance
of 154 ± 2 pc (Gaia Collaboration et al. 2018) in the
Lupus star forming region, with an age of ≈ 0.8 Myr
(Andrews et al. 2018). Its three components, hereafter
referred to as HT Lup A, B, and C, have been identified
through near infrared imaging (Ghez et al. 1997; Cor-
reia et al. 2006) and interferometry (Anthonioz et al.
2015), with separations of ∼ 0.1′′ between A and B, and
∼ 3′′ between AB and C. Both B and C companions
have lower luminosities than the primary, estimated to
be 15% and 9.5% of that of HT Lup A (Anthonioz et al.
2015).
An extended nebulosity that resemble an arc-like
structure is observed in the far infrared with Her-
schel photometry (Cieza et al. 2013; Bustamante et al.
2015), while cloud contamination is also found in optical
spectra (Herczeg & Hillenbrand 2014). At millimeter
wavelengths, the HT Lup system has been observed by
ALMA in continuum at 890µm and 1.3 mm, and in
CO molecular lines (Tazzari et al. 2017; Ansdell et al.
2018). All previous observations reach an angular reso-
lution on the order of 0.′′1, unable to resolve the closest
companion, nor the individual disk structure and gas
dynamics.
We estimate the distances for HT Lup A and C from
Gaia DR2 (Gaia Collaboration et al. 2018), with the
distance to C (154 ± 3 pc) being consistent with the A
component at the 1σ level, showing that their proximity
in the sky is not a projection effect.
3. OBSERVATIONS
The datasets presented here are part of DSHARP (An-
drews et al. 2018). For AS 205, we also include band 6
archival data from ALMA Cycle 0 (Project number
2011.0.00531.S), that were presented in Salyk et al.
(2014), where the CO line was also observed. A detailed
description of the data acquisition and calibration can
be found in Andrews et al. (2018).
An identification of the peak position of HT Lup A
was required in order to align astrometrically the dif-
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Figure 2. Continuum brightness distribution in the HT Lup system. The central panel shows the separation between the three
disks on the sky, while the left/right panels show HT Lup A-B/HT Lup C, respectively. The coordinates have their origin in the
continuum peak flux of HT Lup A. The beam size is 32× 37 mas, as shown in the lower left of each panel, and a scale of 5 au is
indicated by the horizontal bar in the upper right corner. An arcsinh stretch is used for the color scale.
ferent observations, following the procedure in Andrews
et al. (2018). However, HT Lup A and B components
can only be resolved using the long-baselines datasets,
therefore, the peak location of HT Lup A could not
be identified in the shortest baselines datasets. Given
that HT Lup C was 2.′′8 apart and isolated, we used
its position as an alignment reference, before start-
ing the self-calibration process. The final images
are centered at (J2000) RA = 16h 11m 31.352s, Dec =
−18d 38m 26.233s for AS 205, and for HT Lup the center
is at RA = 15h 45m 12.847s, Dec =−34d 17m 31.01s.
After self-calibration, we generated continuum images
using the tclean task in CASA 5.1 (McMullin et al.
2007). For AS 205 we chose a robust parameter of 0.5,
resulting in the 1.25 mm continuum images displayed in
Figure 1, with a beam size of 37× 24 mas (4.7× 3.0 au).
In addition, we also created an image with uvtaper of
40×0 mas and PA=90◦ (measured from north to east) to
circularize the beam and increase the signal-to-noise ra-
tio (SNR) in extended emission, which was only used to
study the substructure of AS 205 N, while an image with
robust = −0.5 was used to take a look into the compact
central emission of AS 205 S. The first continuum image
has an SNR of 390 with an rms of 16µJy/beam, the sec-
ond has an SNR of 645 with an rms of 18µJy/beam, and
the third has an SNR of 136 and an rms of 26µJy/beam.
While most of the CO maps in our survey are imaged
with beams of ≈ 100 mas, for the disks around these
multiple systems we synthesized beams with smaller
size, in order to distinguish structures inside the most
compact sources. Channel maps from CO in AS 205
were generated using a robust parameter of 1. to obtain
a beam of 90× 67 mas (≈ 8.5 au at best), which led to a
rms of 1.42 mJy/beam per velocity channel, and a peak
SNR of 35.3. The AS 205 channel maps are presented in
Figure 9 of the appendix.
For HT Lup continuum we chose a robust parameter
of 0.5, and the resulting 1.3 mm images are displayed in
Figure 2, with a beam size of 37× 32 mas (5.7× 4.9 au),
a rms of 14.1µJy/beam and a peak SNR of 585. In
order to obtain the cleanest possible CO map, we ex-
cluded baselines smaller than 150 m, thus, decreasing
the sensitivity to scales larger than 2′′, emphasizing com-
pact emission. The CO images used a robust parame-
ter of 1.5, and we additionally applied an uv-tapering
of 20 × 5 mas with PA = 150◦, resulting in a beam of
53 × 50 mas (≈ 8 au). The rms of this spectral cube is
1.2 mJy/beam per velocity channel, with a peak SNR of
10.5. The HT Lup channel maps are presented in Fig-
ure 10 of the appendix.
4. RESULTS
4.1. Continuum emission in the AS 205 system
In the continuum emission, the AS 205 system resolves
into two disks whose peaks are separated by 1.′′313, or
168 au in projected separation (central panel, Figure 1),
along a position angle of 217◦. The AS 205 N disk is
not azimuthally symmetric, instead, a spiral-like pattern
with low contrast is observed (left panel, Figure 1). The
AS 205 S disk is fainter and smaller in angular size than
AS 205 N, and it exhibits a narrow ring around an inner
disk (right panel, Figure 1), where a cavity is observed
when imaged at high angular resolution (see inset on the
right panel, Figure 1).
In other DSHARP targets with spiral features (e.g.
Elias 2-27 or IM Lup, Huang et al. 2018a) there are
symmetric substructures (bright or dark rings) that can
be used to constrain the geometry of the disk. How-
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Table 1. Results of 2D Gaussian fit to each continuum disk.
Source RA (J2000) Dec (J2000) major axisb minor axisb i PA
AS 205 Na 16:11:31.352 -18:38:26.34 0.′′414± 0.006 0.′′388± 0.006 20.1◦ ± 3.3◦ 114.0◦ ± 11.8◦
AS 205 S 16:11:31.296 -18:38:27.29 0.′′185± 0.006 0.′′077± 0.003 66.3◦ ± 1.7◦ 109.6◦ ± 1.8◦
HT Lup A 15:45:12.847 -34:17:31.01 0.′′156± 0.010 0.′′104± 0.007 48.1◦ ± 4.5◦ 166.1◦ ± 6◦
HT Lup B 15:45:12.835 -34:17:31.08 0.′′032± 0.001 0.′′022± 0.002 44.9◦ ± 4.9◦ 8.3◦ ± 7.5◦
HT Lup C 15:45:12.645 -34:17:29.72 0.′′059± 0.001 0.′′025± 0.001 65.5◦ ± 0.9◦ 78.8◦ ± 0.8◦
aFor this target the fit was done on the short-baseline images only, to avoid including substructure in the 2D Gaussian fit.
bDeconvolved gaussian values.
ever, the lack of symmetric features in AS 205 N implies
that we have to use a different method to constrain the
disk inclination (i) and position angle (PA).Given that
the two sources are well separated in the sky, we fit-
ted a 2D Gaussian model to each disk using the CASA
task imfit. For AS205 N, we used the continuum image
generated while excluding the longest baseline dataset,
with a beamsize of 270 × 227 mas, to avoid including
any asymmetric feature. The best-fit values are given
in Table 1. With the values of i and PA derived, we
find that the angular momentum vectors of the disks
are misaligned by either 46◦ or 94◦ (see equation in e.g.,
Jensen & Akeson 2014), depending on whether the two
disks share the same near side (the disk side closer to
the observer).
4.1.1. Spirals in AS 205 North
We calculate the azimuthally averaged radial profile of
the continuum emission, considering i and PA as con-
strained above, and using the peak of emission as center
(which coincides with the peak of the 2D Gaussian fitted
within 3 mas, about 1/10 of the beam size). After sub-
tracting this radial profile from the continuum image, a
clear spiral structure is revealed, as shown in Figure 3.
These spiral features can be traced between ∼ 20 to
55 au, beyond this radius the intensity of the continuum
disk goes below the 3σ level. To trace the north-west
(NW) and south-east (SE) spiral arms, we define a set
of discrete points that correspond to the peak of emis-
sion along the radial direction, spaced by 10◦ in azimuth
(which corresponds to one synthesized beam at ∼ 30 au)
and identified where the disk emission is above 3σ.
To characterize each spiral, we consider models of a
logarithmic spiral defined as:
r = r0 · exp(bθ) (1)
and of an Archimedean spiral, defined as:
r = r0 + bθ (2)
where θ is the azimuthal angle, r0 the radius when the
angle is 0, and b relates to the pitch angle µ of the spiral.
For the logarithmic spiral, the pitch angle is constant
along all radii and it is calculated as µ = arctan (1/b),
while for the Archimedean model, the pitch angle de-
pends on the radius as µ = b/r.
The NW and SW spirals are assumed to share the
same center (located at the peak of emission), while
the spiral parameters r0 and b are fitted separately for
each arm to test if these are symmetric or not. We also
include the observed inclination (i) and position angle
(PA) as free parameters, assuming both spirals share
the same geometry. Therefore, we have 6 free parame-
ters (r0,NW , r0,SE , bNW , bSE , i, PA). To fit the spiral
prescriptions above, we use an MCMC routine based
on emcee (Foreman-Mackey et al. 2013). A flat prior
probability was used for all parameters. For each fit,
we use 250 walkers with two consecutive burning stages
of 1000 and 500 steps, and then 1500 steps to sample
the parameter space. The results of the logarithmic
and Archimedean spiral model fit are given in Table 2.
We note that the reduced χ2 in the Archimedean spi-
ral model is factor of 1.5 better than in the logarithmic
model. Figure 3 shows the best-fit Archimedean spiral
and the location of emission maxima in the image (top
panel) and in polar coordinates (bottom panel).
We note that we tested a model that allows for an
offset of the spirals with respect to the center (two addi-
tional free parameters). The model finds an offset that
is smaller than ≈ 3 au, with the NW and SE spirals pitch
angle differing but consistent with each other within 1σ.
Since the reduced χ2 is comparable to the model with
fixed center, we chose to use the latter for simplicity.
We calculate the contrast between the spiral and inter-
spiral region, by comparing the intensity of each arm
with the lower 5% intensity of a ring at the same radial
distance. We found the arms to be of low contrast, with
only a factor of 1.4 and 1.3 (median value) between the
spiral and the inter-spiral region, for the NW and SE
6 Kurtovic et al.
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Figure 3. Top panel: Continuum emission of AS 205 N after
subtraction of its azimuthally averaged radial profile. The
plus symbols mark the location of the maximum of emission
along the spiral arms, with the best-fit archimedean model in
red (NW) and blue (SE) lines. The contour level surrounding
the disk marks the 5σ level of the original image (before
subtraction of the radial profile). The center of the spirals
was fixed, and its position is marked with a white cross.
Bottom panel: Deprojected spiral wake, with colors as in
the top panel. The best fit model is shown with a solid line,
and the shaded region represents the 1σ uncertainties of our
best-fit.
spirals, respectively. The contrast between the NW and
SE spirals is small, ≈ 1.1 on average.
4.1.2. A ring in AS 205 South
The disk around AS 205 S is also well resolved in the
continuum. The peak of emission for this component is
2.4 mJy/beam (185σ), which is only 29% of the AS 205 N
Table 2. Best fit and 1σ uncertainties from the fit of the
spiral shape in AS 205 N. The pitch angles µ are calculated
from b. For the Archimedean model, µ is calculated at 35 au.
Parameter Log. Arch.
r0,NW 26.1
+1.3
−1.1 au 36.0
+2.0
−1.8 au
r0,SE 11.9
+0.7
−0.6 au 7.2
+2.1
−1.6 au
bNW 0.244
+0.005
−0.006 9.32
+0.23
−0.15
bSE 0.246
+0.005
−0.006 9.10
+0.16
−0.23
µNW 13.9
◦+0.3
−0.3 15.3
◦ at 35 au
µSE 13.7
◦+0.3
−0.3 14.9
◦ at 35 au
i 15.1◦+1.9−3.2 14.3
◦+1.3
−5.3
PA −9.1◦+10.7−8.7 59.6◦+13.0−10.3
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Figure 4. Fit of an ellipse to the AS 205 S ring in the outer
disk. The plus symbols mark the maximum emission along
the ring, while the white line shows the best fit. At the
center, the black cross marks the best-fit center of the ellipse.
The beam is given in the bottom left corner, and a 5 au scale
bar is in the upper right corner for comparison.
peak, the mean surface brightness of the ring is around
57.6µJy/beam (32σ).
At equally spaced intervals of 18◦, i.e. points are
roughly spaced by one synthesized beam, we search for
the position of the maximum emission along the ring.
The points were then fitted with an ellipse using a
MCMC routine based on emcee (Foreman-Mackey et al.
2013), letting the center, major axis, minor axis, and
position angle free to vary. The walkers and steps used
are similar to the spiral fit. The points selected along
the ring and the best-fit model are shown in Figure 4,
while the best-fit parameters are given in Table 3.
From the fit, we find that the ring center matches the
peak flux within 3 mas (∼ 1/10 of the beam size), and
that the ring inclination and position angle are also in
DSHARP Multiple Systems 7
Table 3. Results from the MCMC search for best-fit param-
eters of a ring in AS 205 S. Errors correspond to 1σ. Note
that the major axis corresponds to the radius of the ring.
Parameter Value.
∆x −0.42+0.22−0.3 au
∆y 0.23+0.17−0.18au
major axis 33.8+0.3−0.4
minor axis 12.4± 0.2 au
i 68.4◦+0.5−0.7
PA 110.6◦+0.5−0.4
good agreement with the values obtained with the 2D
Gaussian fit to the image.
4.2. Gas emission in the AS 205 system
We detect CO emission from this system from v =
−7.6 km/s to +12.0 km/s, with little cloud contami-
nation over this velocity range. Figure 5 shows the
integrated intensity (moment 0) while Figure 6 also
presents the intensity-weighted velocity field (moment
1) computed from the CO datacube, clipping at 3σ
and including only channels with detected emission (see
Figure 5.10 of Andrews et al. (2018) for all channel
maps,and Figure 9 in appendix for channels of inter-
est). Evidence of tidal interaction is clearly seen in the
gas tracer, with CO emission between the two contin-
uum sources on channels between v = 3.25 km/s and
5.35 km/s. The AS 205 N disk shows a butterfly pattern
characteristic of Keplerian motion around the central
star, which allow us to estimate its systemic velocity
to be ≈ 4.5 km/s (emission above 3σ is observed from
v = −0.1 km/s to +8.5 km/s). However, this Keplerian
pattern only holds inside the region where the contin-
uum emission is above 3σ, at approximately 60 au from
disk center. Outside this region, we observe extended
emission and several arc-like structures that extend to
the outskirts of the disk (at most at 410 au, ≈ 3.′′2).
In the north and south sides of the continuum disk,
there are arc-like structures in CO that resemble spiral
arms. The most prominent arc (that starts in the west
and turns clock-wise to the south and then east, labeled
A in Figure 5), roughly coincides with the NW contin-
uum spiral, as is shown with the best-fit model for this
spiral in dotted lines in Figure 6 (left panels). However,
further out than ∼ 80au (∼ 0.′′5) the arc does not have
the same opening angle as the NW continuum spiral. In
the moment 1 map from Figure 6, the trace of arc A
appears to have constant velocity (∼ 4.5 km/s) over its
extension outside of the continuum disk. In the moment
0 map, another spiral-like structure can be distinguished
A
B
Figure 5. Integrated emission map (moment zero) of the
CO spectral cube in the AS 205 system. The two main arcs
of emission in AS 205 N are labeled A and B (See Figure 9).
The contour levels represent 5, 25 and 300σ of the continuum
emission, for comparison.
towards the east (labeled B in Figure 5), but this feature
is not co-located with the best-fit SE continuum spiral.
Furthermore, arc B is not clearly observed across chan-
nels maps, and no velocity structure that corresponds
to this arc can be distinguished in the moment 1 map
either.
As can be seen in the moment 1 map of the CO
in AS 205 S (Figure 6, rightmost panel), the southern
component shows disk rotation, but quite perturbed.
First, due to its high inclination (sin i ≈ 0.9) the in-
ner disk emission can be seen at high velocities from
v = −7.6 km/s to +12.0 km/s, which is about a fac-
tor of two wider velocity range than for AS 205 N. Non-
Keplerian motion is seen in the south-east of AS 205 S
over all channels. At velocity channels near 4.3 km/s,
the gas emission appears as a broad arc towards the
south, better appreciated as the bright emission in the
south of the AS 205 S moment 0 map.
4.3. Continuum emission in the HT Lup system
Three components are detected in this system, Fig-
ure 2 shows the 1.3 mm continuum map where we are
able to spatially resolve the dust continuum emission
around the closest pair: HT Lup A and B. The angular
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Figure 6. Moment 0 and moment 1 images of the CO emission in AS 205 N (left panels) and AS 205 S (right panels). The
beam size (57 × 54 mas) is shown at the bottom-left corner of each moment 0 image. For AS 205 N, we draw in green the best
archimedean fit to continuum spirals, and the NW spiral is extended as a dashed line for comparison. The contour lines mark
the 5σ, 25σ, 120σ and 300σ level in the continuum image.
separations between HT Lup A and B, and HT Lup A
and C are 0.′′161 and 2.′′82, respectively, which corre-
sponds to a projected separations of 25 and 434 au. We
fitted a 2D Gaussian using imfit in CASA to derive in-
clinations and position angles for all disks, listed in Table
1. From these values, and following the same procedure
used in AS 205, we estimate the misalignment between
the angular momentum of the disks to be either 91◦ or
164◦ for HT Lup A and B, and 76◦ or 108◦ for A and C.
4.3.1. Spirals in HTLupA
HT Lup A is the brightest and more extended disk in
the system, with emission above 3σ detected up to 33 au
(≈ 0.′′21) from the center. Computing an average ra-
dial profile of emission on this disk is difficult due to the
presence of the companion at close distance (HT Lup B).
Thus, to subtract the overall disk emission and enhance
the non axisymmetric features in the disk, we use an
unsharped masking technique. We first convolve the
image with a Gaussian of 66 mas FWHM and then sub-
tract it from the original continuum image, multiplying
by a weighting factor of 0.95. We chose these unsharp
masking parameters as they better enhanced the low-
contrast spiral features (convolution with larger Gaus-
sians smooths out the disk emission excessively, smaller
Gaussians do not smooth out the non-symmetric fea-
tures and these end up being subtracted instead of en-
hanced). The resulting image, shown in Figure 7, re-
veals an underlying spiral structure. We trace the arms
as in AS 205 N, finding the maxima along radial direc-
tions separated by 8◦. The spirals extend from ≈ 16.5
to ≈ 19 au in radius, and each arm covers an azimuthal
extent of ≈ 100◦.
Table 4. Best fit and 1σ uncertainties from the fit of the
spiral shape in HT Lup A. The pitch angles µ are calculated
from b. For the Archimedean model, µ is calculated at 18 au.
Parameter Log. Arch.
r0,N 15.4
+1.9
−1.8 au 15.3± 0.8 au
r0,S 19.7
+0.8
−0.7 au 19.7
+0.7
−0.8 au
bN 0.073
+0.025
−0.03 1.28
+0.5
−0.51
bS 0.064
+0.025
−0.03 1.17
+0.5
−0.51
µN 4.15
◦+1.4
−1.7 4.1
◦ at 18 au
µS 3.69
◦+1.4
−1.7 3.7
◦ at 18 au
i 52.2◦+0.6−0.9 53.0
◦+0.6
−0.7
PA 14.3◦+2.3−1.8 14.2
◦+2.2
−2.1
Following the procedure in Sect. 4.1.1, we fit a loga-
rithmic and Archimedean spiral model, with the best-fit
parameters presented in Table 4. The results show spi-
rals with low pitch angles and quite symmetric, however,
they are so compact that possible asymmetries might
remain unresolved by our observations. The inclination
and position angle are in agreement with the values ob-
tained from Gaussian fitting.
4.3.2. Companions: HTLupB and HTLupC
HT Lup B appears barely spatially resolved, its peak
intensity (1.85mJy/beam, 131σ) is 23% of the HT Lup A
peak intensity. From the 2D Gaussian fitting we obtain
a deconvolved FWHM size of 31± 2 mas, corresponding
to a disk size of ∼ 5 au.
The farthest companion, HT Lup C, is the faintest
source in the system, with a peak intensity of 1.6 mJy/beam
(20% of the peak of HT Lup A) and a total integrated
flux of 3.48 mJy. From the 2D Gaussian fit, we measure
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Figure 7. Top panel: The HT Lup A/HT Lup B unsharp-
masked continuum image. The plus symbols mark the max-
imum emission along the spirals. In colored solid line the
best Archimedean spiral models. Solid outer lines show con-
tour levels at 5σ and 28σ of the original continuum image.
The color scale was chosen to emphasize spiral arms. Bot-
tom panel: Deprojected spiral wake, with colors as in the top
panel. The best fit model is shown as a solid line, and the
shaded region represents the 1σ uncertainties of our best-fit.
a deconvolved size of 59 ± 1 mas, which corresponds to
a disk size of ∼ 9 au.
4.4. Gas emission in the HT Lup system
A map of the CO emission was obtained following the
DSHARP procedure (Andrews et al. 2018). However,
the CO was found to be highly contaminated by ex-
tended cloud emission and foreground absorption near
the systemic velocity (vsys ≈ 5.5 km/s), at the level of
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Figure 8. Moment 1 of the CO emission in the region of
HT Lup A and HT Lup B. The beam size is 0.′′053 × 0.′′049,
presented in the bottom left corner of the image, as well as a
10 au scale bar at the upper right corner. The contour lines
mark the 5σ, 28σ and 150σ level of the continuum image, for
comparison.
completely erasing the signal from the disks between
3.75 and 4.8 km/s. (for all channel maps see Figure 5.1
of Andrews et al. (2018), while channels of interest are
in Figure 9 in the appendix). For HT Lup A, blueshifted
emission is seen in the north, while redshifted emis-
sion appears in the south. The opposite is observed
for HT Lup B. This is better seen in the first moment
map of CO emission, presented in Figure 8, in which
the disks appear to be counter-rotating. HT Lup C is
also observed in the CO, with emission detected from
v = 2.7 to 9.7 km/s, extending ∼ 0.′′2 along its major
axis, which lies horizontally as expected from its contin-
uum shape.
5. DISCUSSION
5.1. Ruling out chance alignment
Given that the AS 205 components have different par-
allaxes as measured by Gaia DR2 (resulting in a differ-
ence of almost 30 pc in distance, see Section 2.1), and
that for the HT Lup system there are no constraints on
the distance to source B (while the A and C compo-
nents have consistent Gaia parallaxes), one could argue
that the observed vicinity of these pairs is due to chance
alignment. In the case of AS 205, an interaction between
AS 205 N and S is observed in CO emission in these ob-
servations, as well as in earlier works (Salyk et al. 2014).
In the case of HT Lup, with speckle imaging, Ghez
et al. (1997) find that the angular separation between
HT Lup A and B is 0.′′107±0.′′007 in 1997, while Correia
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et al. (2006) measure a separation of 0.′′126±0.′′001 with
data from 2004, using VLT observations. In this work,
we constrain a separation of 0.′′161 ± 0.′′003 with data
from 2017. Thus, in the span of ∼ 20 years, HT Lup A
and B have changed their separation by ∼ 50mas. Given
the proper motion of HT Lup A (µR.A. = −13.63± 0.13
mas/yr, µDec = −21.61 ± 0.08 mas/yr, Gaia Collab-
oration et al. 2018), if the pair was aligned by chance
then their separation should have changed by ∼ 500 mas
over this timespan, an order of magnitude larger than
measured. We therefore conclude that most likely, the
HT Lup A and B stars as well as the AS 205 N and S
components are not aligned by chance.
5.2. Substructures in the dust continuum emission
The high resolution observations of the multiple sys-
tems HT Lup and AS 205 have allowed us, for the first
time, to directly constrain the type of substructures
present in protoplanetary disks that have an ongoing
interaction. In the following, we discuss the different
substructures found in gas and dust tracers, and com-
pare with other systems or numerical simulations.
5.2.1. Spiral arms
The spiral arms observed in the primary components
of these systems are quite different from each other, and
only AS 205 N looks similar to the spirals observed in
single systems from the DSHARP sample (e.g. WaOph 6
and IM Lup, Huang et al. 2018a).
The HT Lup A disk is quite compact (32 au radius)
and the radial extent of the spirals is only ∼ 4 au (about
10% of the disk size). However, to describe the maxima
of emission in the unsharped masking image, our mod-
eling prefers a spiral over a ring for these substructures
in HT Lup A: solutions with 0◦ pitch angle (i.e. a ring)
are excluded at the 2.5σ level. But even at this high an-
gular resolution it is difficult to resolve the substructure
in HT Lup A. A bar-like emission is observed connecting
the two spiral arms with the inner disk, something that
is not described by our models (Figure 7).
On the other hand, the AS 205 N disk has spiral fea-
tures that are well resolved by our observations. These
spirals appear to be better described by an Archimedean
model than a logarithmic one, in terms of the reduced
χ2 of each model, and since the former model better
captures the spiral shape at both spiral ends. Thus, a
variable pitch angle is preferred over a constant pitch
angle to describe the AS 205 N spirals.
Interestingly, HT Lup A and AS 205 N show spiral fea-
tures in the dust over a smaller range of radii and az-
imuthal angles than the other DSHARP spiral detec-
tions in Huang et al. (2018a). In fact, the radial ex-
tent of the spirals (≈ 36 au for AS 205 N and ≈ 4 au
for HT Lup A) are smaller than the spirals observed in
Elias 27, IM Lup, and Wa Oph 6, which range in radial
extent from ≈ 50 au to ≈ 180 au. This difference in
size could be explained by the truncation of the outer
disk predicted in binary disks simulations or simulations
of disks that have been involved in fly-by encounters
(Clarke & Pringle 1993; Breslau et al. 2014; Winter et al.
2018) This will be further discussed in Section 5.3.
5.2.2. Axisymmetric substructures
The bright rings and dark annulus observed in the
single systems with spirals from DSHARP (Huang et al.
2018a) are not observed in the disks of the multiples
systems presented here. The lack of additional sub-
structures may be explained by the small disk sizes:
in the single systems with spiral arms, the gaps/rings
usually show up at radial distances & 75 au, while our
largest disk (AS 205 N) appears truncated at . 60 au. If
ring-like substructures are formed from pressure traps
induced by planets, the lack of this substructures in
HT Lup A and AS 205 N disks might suggest that stellar
encounters and close binary companions inhibit planet
formation, through disk truncation and material strip-
ping, in agreement with the lower frequency of planet
detections around binaries compared to single star sys-
tems (Wang et al. 2014).
Only AS 205 S displays a prominent outer ring at
34 au, with a bright inner disk out to ∼ 20 au, with both
substructures separated by a gap. When imaged with a
robust value of −0.5 we obtain an image of the disk with
a smaller beam size (16 mas, 2 au resolution at best), in
which the inner disk is no longer centrally peaked, and
a cavity starts to be resolved (see Figure 1). This con-
strains the spectroscopic binary separation to be smaller
than ∼ 2 au in the southern component of AS 205.
The unperturbed nature of the AS 205 S dust ring is
puzzling. Assuming the spectroscopic binary has a total
mass of 1.3M (Eisner et al. 2005), the orbital period at
the ring location would be 173 yr. Close encounter simu-
lations of star-disk interactions show that tidal stripping
and arc-like features can be induced in timescales from
hundred to few thousand years (e.g. RW Aurigae, Dai
et al. 2015). Thus, if the AS 205 system had a fly-by
interaction (see Section 5.3) the ring at 34 au in AS205S
has only had. 10 orbits to recover its structure after the
interaction. Most likely, the dynamical interaction could
not have originated from a very close encounter, which
would have disrupted or severely affected this ring.
5.3. A fly-by in AS 205 system?
By analyzing the gas kinematics, disk rotation is iden-
tified in the N and S components of AS 205. How-
ever, we also observe non-Keplerian features such as
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the flow or bridge of material between the disks, an ex-
tended arc-like emission (arc A) towards the north in
AS 205 N, an asymmetric emission towards the South-
East in AS 205 S, and a tilt/twist of the projected axis
of rotation in AS 205 N and S (see moment 1 map of
these object in Figure 6).
These features are quite similar to the ones observed
in fly-by interactions in parabolic-like orbits. For exam-
ple, the 3D hydrodynamic fly-by simulations from Dai
et al. (2015) exhibit several of the non-Keplerian features
present in the AS205 system, such as the gas bridge be-
tween the disks and the arc-like structure extending from
the main component. Since for prograde encounters (i.e.
when the interaction occurs in the same direction as
the disk rotation) the material stripped and/or trans-
fered from one disk to the other is more pronounced,
rather than for retrograde encounters (Clarke & Pringle
1993; Dai et al. 2015), it seems that the prograde case
is a closer match to our observations. In addition, an
orthogonal or prograde non-coplanar encounter is ex-
pected to produce a warp in the disk (Clarke & Pringle
1993; Cuello et al. 2018), tilting and then twisting it,
modifying the line of nodes, as observed in the velocity
field of AS 205 N and S (moment 1 maps, Figure 6).
The truncated spatial extent of AS 205 N in the dust
can also be explained by a prograde fly-by interaction,
which would strip off material from the main disk result-
ing in a outer disk radius that depends on the companion
mass, the angle of interaction between disk plane and
companion orbit, and the distance at periastron (Clarke
& Pringle 1993). Further simulations and observations
will help to better constrain this parameters.
5.4. Disk misalignment in the HT Lup A-B binary
In the close binary HT Lup A-B, we observe an appar-
ent counter-rotation of their disks in Figure 8. Given the
degeneracy in the estimate of the misalignment between
the disks, two different cases can explain the observa-
tions:
1. The angular momentum vectors are misaligned
by 91◦, leaving the disks almost perpendicular to
each other. If we assume that the spiral arms
in HT Lup A are trailing (i.e. the disk rotation is
counter-clockwise) then the nearest side of the disk
is in the East. For such a misalignment, assum-
ing counter-clockwise rotation, the nearest side in
HT Lup B would then be in the West, and the
observed counter-rotation of the two disks would
merely be a projection effect. Since we do not ob-
serve features in the CO channel maps that indi-
cate transfer of material, an obvious perturbation
in the butterfly pattern, or disk truncation in gas,
this configuration is only possible if their physical
separation is large enough in our line of sight.
2. The angular momentum vectors are misaligned by
164◦, with the disks close to parallel and counter
rotating. As the trailing spirals assumption im-
plies that HT Lup A rotates counter-clockwise,
HT Lup B would in this case rotate clockwise, and
its nearest side towards us would be its East side.
As in the previous case, this would only be possi-
ble if the two disks are not in the same plane but
instead, physically distant along our line of sight.
Misalignments have been previously identified in other
multiple systems (Jensen & Akeson 2014; Williams
et al. 2014; Brinch et al. 2016), but the separations of
these systems are much larger (hundreds of au) than in
HT Lup A-B. Bate (2018) present hydrodynamical sim-
ulations that indicate that misaligned disks in binaries
are possible, mainly due to fragmentation in turbulent
environments and stellar capture. In addition, a com-
plete flip of the disk orientation can occur due to gas
accretion from the cloud with different angular momen-
tum. These results show that in principle misalignments
can arise in any direction depending on the cloud sur-
roundings and environment where the disks are formed.
A possible scenario for the formation of the HT Lup A-B
system is an independent fragmentation of the binary
components from the cloud, followed by a capture and
subsequent orbital decay, leaving them close together
and misaligned.
Future observations with high SNR in molecular lines,
less contaminated from the cloud, and at similar or
higher angular resolution, should be able to discern be-
tween the two scenarios, solving the degeneracy of disk
orientation. A follow up of the HT Lup B and HT Lup C
orbital positions will be also needed to get a complete
description of the heavy truncation, misalignments, and
dynamics in the HT Lup system.
6. CONCLUSIONS
We present very high resolution (∼ 5 au scales) ALMA
observations of the multiple stellar systems AS 205
and HT Lup, observed in band 6 (1.3mm) as part of
DSHARP (Andrews et al. 2018).
In the continuum emission, the AS 205 system resolves
into two separate disks located at 168 au projected sep-
aration. The disk around AS 205 N shows two spiral
arms extending from about 20 to 55 au in radius and
over 180◦ in azimuthal angle. By fitting them with
an Archimedean and logarithmic spiral models, we find
these arms to have similar pitch angles, close to 14◦, al-
though these are better described by the Archimedean
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model with a radially varying pitch angle. The south-
ern component, AS 205 S, displays an inner disk and a
bright ring at 34 au, with a gap between the inner disk
and outer ring that is not devoid of continuum emission.
The CO observations of AS 205 show extended emission
in the form of arc-like structures, with non-Keplerian
motions observed around both disks. We found evi-
dence to support that these features were triggered by
the binary interaction via a close encounter or fly-by,
which was also suggested by Salyk et al. (2014). In this
scenario, the AS 205 system would have either a highly
eccentric orbit between its components, or had a recent
unbound interaction. Nevertheless, the regularity of the
AS 205 S dust ring puts constrains over the proximity
and timescale of this interaction, since the ring does not
appear as perturbed as the gas.
For the first time at millimeter wavelengths, we re-
solve the two companions (B and C) in the HT Lup
system, the closest one with a projected separation of
25 au from HT Lup A. HT Lup C is located at more than
400 au from HT Lup A-B. The disks around HT Lup B
and C are the smallest objects in the DSHARP sample,
with deconvolved sizes of ≈ 5 and ≈ 10 au, respectively.
The HT Lup A disk is resolved and spiral structure is ob-
served, which we constraint to be symmetric with a pitch
angle close to 4◦. However, the spirals are quite com-
pact and appear to connect with the inner disk through
a bar-like structure. Higher angular resolution might be
needed in future observations to completely character-
ize this additional substructure. The kinematics of the
CO emission in the closest binary, HT Lup A-B, shows
an apparent counter-rotation of their disks. Given the
degeneracy in disk orientation, we find two possible ex-
planations depending on the angle between their angular
momentum vectors, which could either be a near to per-
pendicular relative orientation of their disks, in which
case the counter-rotation would only be a projection ef-
fect, or alternatively, a close to parallel orientation of
the disks with a physical counter-rotation that requires
the disks to not be on the same plane.
The observations from DSHARP of multiple young
stellar systems presented here, as well as future ALMA
observations of gas and dust tracers at high angular res-
olution, are excellent laboratories to study dynamical
interactions in multiple systems and to understand how
this may affect the process of star and planet formation.
This work is the first step towards a better understand-
ing of how binary interactions and fly-bys affect disks
structures, its evolution, and the efficiency of planet for-
mation.
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APPENDIX
A. FIGURES
Here we present the spectral data cubes (channel maps) of AS 205 (Figure 9) and HT Lup (Figure 10).
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in length, losing sensitivity at scales larger than 2′′. The contour levels correspond to 5σ and 300σ in the continuum image, for
comparison.
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